We propose structural features of genomic DNA, which are essential to generate and to analyze genome. We calculated the appearance frequency of the nucleotides (bases) of throughout the entire genome as a polynucleotide molecule consisting of Adenine (A), Thymine (T), Guanine (G) and Cytosine (C) bases including the coding-and the non-coding regions, primarily in the genomes of Saccharomyces cerevisiae, Escherichia coli, and Homo sapiens. Our results indicate that the base sequences in a single-strand of DNA have the following characteristics: (1) reverse-complement symmetry of 3-9 successive bases, (2) bias and (3) multiple fractality of the distribution of four bases, A, T, G and C depending on the distance, exponentially decreased at short distances and linearly decreased at long distances in double logarithmic plot (power spectrum) of L (the distance of a base to the next base) vs P (L) (the probability of the base-distribution at L). These structural features of a single-strand of DNA can be clearly observed in any genomic DNA, especially observed remarkable in eukaryotic genome. Whereas in the artificial genomes or chromosomes with the same base-numbers, the same base-contents and the same frequencies of 64 triplets, the bias and the linearly-decreased fractality of the distribution of four bases described the above were missing, although the reverse-complement symmetry of the base sequences and the exponentially decreased-fractality of the base distribution were observed.
Introduction
Genome projects have been completed so far to obtain the nucleotide ( [1] . Recent years, the genome projects for many other species have been completed, and quite recently, a bacterial genome (582,970 bp) was chemically synthesized based on Mycoplasma genitalium [2] although some unreadable regions were still remained in each genome. Together with the progress of these first round projects for the genome, projects will be accelerated for the internal structure of the genome also.
It is well known that there are some structural hierarchies in the genome, such as chromosome, ORF (open reading frame), nucleosome and so on [3] . Presently much attention is been paid to the ORF, and many projects and researches are enthusiastically performed from the viewpoint of protein functions such as proteome and transcriptome analyses [4] [5] [6] [7] because there are limited tools to analyze a huge molecule such as genomic DNA now. However, it still remains totally obscure whether or not there exists a significant structure in the genome at present. It is very important to investigate the structure of throughout the entire genome because the structural rules the base sequence and, as is well known, the base sequence determines the functions of protein, RNA and DNA in principle, and the understanding of the genome and the organism.
In other words, if we could find a thus predominant structure in the genome, we would also obtain important information on the functions of protein, RNA and DNA from that structure and on the generation of genome in various species. Nevertheless, until now, few studies have been done on the structure in throughout the genome as a polynucleotide molecule mainly including the coding-and the non-coding-regions because of the lack of an analytical method which deals with such large molecules as the entire genome [8] [9] [10] .
The characteristic of the base sequence of the whole genome may be deeply involved in the generation and structure of the genome, supposed even the understanding of the genome evolution and the various biological phenomena of organisms. Therefore, the elucidation of the characteristic or the generative principle of the genome base sequence should lead to the fundamental solution of the genome.
Progress of the genome projects revealed that not only the double-strand DNA, but a single-strand DNA could be maintained the base symmetry (A = T, G = C), [11] [12] [13] [14] [15] [16] [17] [18] . Recently, the reverse-complement symmetry of the base sequence in a single-strand DNA in genome has reported [14] [15] [16] [17] [18] .
In this report, we focused on the appearance frequency of the base sequence in throughout the genome, and showed the structural features of the genome base sequence by considering the genome as a huge substance, a polynucleotide molecule consisting of four bases, adenine (A), guanine (G) cytosine (C) and thymine (T). In addition, we created the artificial sequence based on the same appearance frequency of base sequence and the same base number of the real genome, and compared to both, the real-to the artificial genome, or chromosome.
Materials and Methods

Appearance frequencies of bases or base sequences.
In order to analyze the structure of the nucleotide (base) sequence, the most appropriate parameter is considered to be the appearance frequency in this report. For three successive bases (triplets), the appearance frequency was counted for throughout the entire genome by matching the triplet from the start of the base sequence in a genome with one base shift as follows.
Ex. Triplet bases: AAT
AAT
(one base shift)
The appearance frequencies of the nine successive base sequences are essentially counted in the same way of the three successive base sequences. In the case of the genome composed of the plural chromosomes such as S. cerevisiae and so on, we have calculated the sum of the base frequencies of the 16 chromosomes (in numeric order) plus mtDNA. Each triplet base can be read left (5'-) to right (3'-).
Creation of the artificial genome or chromosome.
In this report, the artificial sequences of S. cerevisiae chromosome 4 or H. sapiens chromosome 22 was generated using random number so as to the same appearance frequencies of the three successive sequence (designated as the d value) and the same base numbers of the targeted genomes or chromosomes, therefore, the reverse-complement symmetry (symmetry of the base sequences in the same single-strand) of the 3-9 successive sequence were maintained.
The artificial sequences of S. cerevisiae chromosome 4 and H. sapiens chromosome 22 were created as follows: the artificial sequence for S. cerevisiae chromosome 4 (1,531,929 nt) was generated the same number of bases as the genome sequence of S. cerevisiae chromosome 4 using random numbers of the same appearance frequencies of the three successive base sequence. The artificial sequence of H. sapiens chromosome 22 (33, 476 ,901 nt) was generated using random numbers based on the same manner for S. cerevisiae chromosome 4.
When genome was composed of the plural chromosomes, the frequencies of bases were counted in the same manner for the appearance frequencies of bases and created the artificial genome.
Distribution of base A, T, C, or G in genome or chromosome.
The distribution of four bases, A, T, G, C, in each sequence was estimated as follows. Throughout the entire base sequence of S. cerevisiae chromosome 4 or the artificial chromosome 4 consisting of 1,531,929 nt was resolved in a sequence length consisting of 10,000 bases, counting the number of respective four bases in the length of this sequence, and plotted as the number at the position of the first base of the sequence. Next, this operation was repeated from the 5'-end of the sequence with 10,000 bases shifted throughout the entire sequence.
The H. sapiens chromosome 22 or the artificial chromosome 22 consisting of 33,476,901 nt was counted in the same manner as that for S. cerevisiae chromosome 4 except the sequence length (400,000 bases).
Distribution curve of base A, T, C, or G in genome or chromosome.
The probability of the base-distribution P (L) was expressed according to the distance L between a base and the next appearance of that base in each real-and the artificial-chromosome. The x-axis was L and the y-axis is P (L) in double logarithmic plot (power spectrum) in this study. The same calculations for the other bases were performed.
Results and Discussion
Reverse complementary symmetry in the single-strand DNA of genome. Table 1a showed the base numbers appearing in the genome of Saccharomyces cerevisiae, Esherichia coli, Bacillus subtillis, chromosome 4 of Arabidopsis thaliana, chromosome 3 of Caenorhabditis elegans and chromosome 22 of Homo sapiens. In these species, the appearance frequency of A and T, or C and G were almost the same (Table 1a) .
The data in Table 1a were not in the double helix structure of DNA generally known, but in a single-strand of DNA. Almost half century ago, Chargaff and his co-worker had reported that a single-strand DNA in addition to the double-strand DNA could be maintained the base symmetry in Bacillus subtillis DNA [11, 12] , and its biological meaning of the symmetry have been discussing for the structure-function relationship, and the evolution of DNA molecule [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Table 1b showed the base numbers appearing in the small genome of DNA-, RNA-viruses, or organelle, and several genes as controls. The ratio of A to T (U), or G to C in DNA was far apart from the value, 1.00 in a small base numbers of DNA, or RNA. The almost equal frequency of A to T (U), and G to C might be given more than 34,000 base numbers regardless DNA or RNA genomes, that is, the ratios of A/T (A/U) and G/C were around 1.00 (0.97 ~ 1.03).
The coincidence of base numbers did not occur when the base sequence size was not large enough.
For instance, the base sequence size of one gene was not adequate because the symmetry of the base, A to T, and G to C, was not observed one gene in any organisms. The DNA with the coincidence of the ratio of A/T and G/C could not be discussed the symmetry in a single-strand DNA of genome. In other words, the symmetry of the base sequence was much less observed in one gene (Table 1) .
In general, the symmetry of the base, A to T, and G to C in a single-strand DNA was observed the genome more than 30,000 base numbers (nt). Among them, exceptional examples, such as simian virus 40 (SV40), were present to be observed the symmetry of the base in a small genome (Table 1b) . In other words, the symmetry of the base in a single-strand DNA might be possible to be observed even in adequate base numbers regardless of species.
These facts suggested that there should be a generative principle in the genome sequence. Table 2a showed the appearance frequency of the double bases (doublet) in the whole genome in Saccharomyces cerevisiae (16 chromosomes plus mitochondrial genome, 12,155,038 bases).
In this case, the appearance frequency was counted for throughout the entire genome by matching the doublet from the top (5'-) of the base sequence in the genome with one base shift as described in the Materials and Methods.
The four bases, A, T, G and C of the unreadable regions of each chromosome were skipped to calculate because the base numbers of these regions were not large to the entire chromosomal DNA. The results showed that the appearance frequency of a doublet was almost the same as that of its reverse-complementary sequence. For example, the appearance frequency of 5'-AA (AA) was 1,320,745 and that of 5'-TT (TT) was 1,313,352, and the frequency of 5'-AG (AG) is 708,720 and that of 5'-CT (CT) was 705,117. In any cases the difference in them was less than 1%.
Table1 Appearance frequency of A, T, G and C On the other hand, the appearance frequency of the reverse sequence of a doublet was not so similar to that of the doublet.
For example, the appearance frequency of 5'-AT (AT) and 5'-TA (TA) were 1,096,685 and 902,745 (frequency ratio of AT/TA = 1.21), respectively, and those of 5'-GC (GC) and 5'-CG (CG) were 453,253 and 355,259 (frequency ratio of GC/CG = 1.28), respectively. That is, the complement symmetry in the same single-strand was not established in these base sequences of the genome.
These results clearly showed that the real (active) genome sequence was not generated independently from the appearance frequency in Table 2a , because not only must the reverse-complementary symmetry be established, but also the complement symmetry in the genome sequence is necessary if the four bases in the genome are to be present independently. The same results are obtained from the genome sequences of as Escherichia coli genome (4,639,221 nt, Table 2b ) and Homo sapiens chromosome 22 (33, 476 ,901 nt, Tables  2c). From these data, also, the reverse-complementary symmetry in the single-strand DNA of genome could be established even in triplet or more base sequences [24, [26] [27] [28] .
As expected, the reverse-complementary symmetry was also established in a triplet in the genome of Saccharomyces cerevisiae (Table 3a) . The frequency ratios of all 64 triplets to the respective reverse-complement triplet were within approximately 1.0. The same results were obtained from the genome sequences of as Escherichia coli genome, Homo sapiens chromosome 22 and many other chromosomes or genomes (data not shown). Fig.1 , the triplets related for the reverse-complement symmetry were adjoined and represented as numeral, for example, 1 (AAA) to 2 (TTT), 3 (AAT) to 4 (ATT), 5 (AAG) to 6 (CTT) and so on in the x-axis regardless of species (see Fig.1 legend) . In these genomes or chromosomes, the frequency ratios of all 64 triplets to the respective reverse-complement triplet were within approximately 1.0 like those of S. cerevisiae genome. For example, 5'-TAC (41,446) to 5'-GTA (41,934) (TAC/GTA = 0.99), 5'-AGG (22,791) to 5'-CCT (22,879) (AGG/CCT = 1.00), 5'-TCG (77,424) to 5'-CGA (77,591) (TCG/CGA = 1.00) in Halobacterium NRC1 genome and so on, were almost the same, and the difference in them is less than 1%, that is, the reverse-complement symmetry of the triplet was observed in these genomes and chromosomes regardless the GC-content, the base numbers in these species (Fig. 1) .
All four and five successive base sequences in these genomes (256 and 1,024 sequences, respectively) were present in almost equal amounts as their reverse-complementary sequences (the ratio of these sequences was approximately 1.0).
The appearance frequencies of several 6 ~ 9 successive base sequences in the S. cerevisiae genome, H. sapiens chromosomes 1 and 2, A. thaliana genome and E. coli genome were shown in Table 4 . These 6 ~ 9 successive base sequences were reported as the transcription-, translationor replication-related sequences [23] [24] [25] [26] [27] . The reverse-complement symmetry (the symmetry of the same single-strand) of the 3-9 successive base sequence in a single-strand DNA was fundamentally found any genomes of living organisms.
The reverse-complement symmetry of 10 to 12 successive base sequences was clearly observed in the large genomes such as mammalian and primates (data not shown).
The These data validate the conclusion that the reverse-complementary symmetry (the symmetry of the base sequences in the same strand) was the universal principle in genome sequence.
Reverse-complementary symmetry of the base sequences in a single-strand DNA is necessary for the generation of the genome sequence but is not sufficient for doing so.
As described in the above section, it was revealed that the reverse-complementary symmetry of the successive base sequences was necessary for the generation of the genome sequence. To evaluate the reverse-complementary symmetry sufficient for the generation of the real (active) genome, we generated an artificial genome or chromosome based on the appearance frequencies of triplets in S. cerevisiae, E. coli genome or H. sapiens chromosome 22 and analyzed their properties.
The artificial genome or chromosome consisting of the same base number of the genome sequence of Saccharomyces cerevisiae (12,155,038 nt) was generated using random numbers based on the key sequence of triplets (Table 3a) . cerevisae.
In addition to the same appearance frequencies of triplets, each artificial genome or chromosome had the same base numbers, GC-content, the same ratios of A/T and G/C of the respective real genome or chromosomes (Tables 3, 5) .
If the reverse-complementary symmetry was not only necessary but also sufficient for the generation of genome sequence, all characteristics other than the reverse-complementary symmetry of the base sequences must be mutual between the real genome and the artificial genome or chromosome. In other words, if it was not sufficient, some difference arising among them. Then, we examined the distribution of four nucleotides (bases) in the longest chromosome 4 (1,531,929 bases) in Saccharomyces cerevisiae (Fig. 2) . The calculation method is explained in the Materials and Methods. For this method, for instance, we created counterfeit sequences (artificial chromosomes) with the same appearance frequencies of the triplet (3 successive base sequences) and the same base numbers using the random number as that of real sequence in each chromosome.
We identified the differences between the real-and the artificial chromosomes to examine the high-level of the reverse-complement symmetry described above. Each artificial chromosome was generated using random number fixing the same appearance frequencies of the three successive base sequences (d = 3) and the same base numbers as the targeted chromosome (see the Materials and Method). In both the real-and the artificial chromosomes of S. cerevisiae chromosome 4 with the window lengths of base sequences were 10,000 nt and the appearance frequencies of the four bases in the window were calculated (Fig. 2) . 2 shows that four bases were localized on real chromosome 4 of S. cerevisiae (Fig. 2a) , whereas they were distributed uniformly on the artificial chromosome 4 or 22 (Fig. 2b) . In contrast to the uneven distribution of four bases on the real chromosome 4 (S. cerevisiae), the "A", "T", "G" or "C" frequencies in the artificial chromosomal sequence were distributed uniformly (for "A"; approximately 3,000 frequencies in the S. cerevisiae chromosome 4. The larger the genome with base numbers was, the more remarkable the bias of four bases, A, T, G, and C was distinguished such as H. sapiens chromosome 22 (data not shown).
In addition, the results that the frequency of "A" was similar with "T", and that of "C" was similar with "G" corresponded to the complementary base contents, respectively. That is, the ratio of the frequencies of A-T, and G-C were corresponded to the hydrogen bonding of A-T and G-C (GC-content) of each chromosome (Table 1, Figs. 1, 2) . When the genome was AT-rich, the frequency of A (or T) was higher than that of C (or G). The GC-content of S. cerevisiae chromosome 4 (38.1%) is lower than that of H. sapiens chromosome 22 (47.8%), and the level of the A (or T) frequency was higher than that of C (or G) and so on. The artificial chromosome could be possessed the same base numbers and the same base-contents to the real chromosome, but could not be localized four bases, distinguishing the genes and the regulatory sequences on the real chromosomes.
Similar differences in base distribution between real chromosomes and their artificial chromosome generated based on the same appearance frequencies as described in Method section as that of real sequence in other eukaryotic-and prokaryotic-genomes were also observed (data not shown).
These results indicated that there may be many A-T and G-C hydrogen bonding in a single-strand DNA of intra-chromosomal molecules regardless eukaryotes or prokaryotes, genome-size (base numbers), and the GC-contents. In addition, each chromosome could observe the reverse-complement symmetry, but the four bases were distributed uniformly in the DNA molecule. The molecule (artificial chromosome) with the same base numbers and the same base contents could not be the real chromosome. DNA. The real chromosome was not fitted in one exponential (fractal) curve (Fig.3a-1, Fig.3c-1) , whereas the artificial chromosome was fitted in one exponential curve throughout the beginning to the ending of the sequence regardless of L-values, GC-content and base numbers (Fig.3b, d , Tables 6). But, in the real chromosome, the power spectra could be portioned the L-value at 15 (Fig. 3, Tables 6 ). That is, the real chromosome showed multiple fractal pattern depending on the distance (L-value) of the A-base to the next A-base ( Fig.3a-2, 3, Fig.3c-2, 3) , whereas the artificial chromosome showed one fractal pattern in the power spectra (Fig.3b, d , Tables 6). Other three bases, T, G and C were given in similar power spectra for the fractal patterns in the real-and the artificial chromosome, with the A-base, respectively (Tables 6). Interestingly, A and T, and G and C were similar a, b and slope values in equations 1 and 2 in both the real-and the artificial chromosome (Tables 6). These values might be deeply correlated the symmetry of A/T, and G/C of genome, or chromosome (Tables 1,  5 ). In addition, the a-and b-values might be functioned to the GC-content in each genome or chromosome (Table 6) .
In real chromosome, the coding-and the non-coding regions should be strictly distinguished in the base composition each other. In L = 1 ~ 15, the regions could be present the same bases are repeated such as 5'-AAAAAAAAAA-3'. In other words, there should be low frequencies for other 3 bases, T, G, and C except A in the sequence. So, this region might be possible L = 16 and more region for other 3 bases, T, G or C. The non-coding regions consisted of promoters, MARS, insulators, introns and so many regulatory elements to express the genes precisely, rapidly and steady.
These regulatory sequences might be increased in higher organisms consisting of large base numbers such as primates, mammalian, plants, fungi and other eukaryotic cells, whereas it was hard that these regions might be were observed in prokaryotic cells or viruses because of the thick genes and regulatory elements (Figs. 1, 3, Table 6 ). Also, the linearly decreased regions at long distances in double logarithmic plot of L were not observe in the artificial chromosomes (Fig. 3 . Table 6) Many studies using a part of genomic DNA of E. coli and other model DNA sequences had been reported that genomic DNA had a fractality [28] [29] [30] [31] . But, these studies might be analyzed based on the prokaryotic genomes, in other words, the fractality of large genome such S. cerevisiae and H. sapiens genomes had not been analyzed yet, therefore, the multiple fractality might not be observed in the literatures previously published. (Table 6 ).
In this case, the inclination of the distribution wave with large amplitude is more remarkable than that of S.cerevisiae chromosome 4 coming from the large number of the base sequence of Homo sapiens chromosome 22. The fractality varied from genome to genome. Especially, the P (L) of the larger genomes or chromosome such as H. sapiens chromosome 22, C. elegans genome, D. meganogaster genome, A. thaliana genome, H. sapiens chromosome 1, were expressed long foot at the region of long distance of L, and observed differently from smaller genome such as S. cerevisiae chromosome 4 although it was belonged in eukaryotic organisms (Fig. 3, Tables 6 ).
Some studies for the base-bias in genome were reported that the base ratio was localized in genome for the correlation of the function and the neighboring genes and sequences [32] [33] [34] . Especially, the genomes of the eukaryotes were different from those of the prokaryotes because the eukaryotic genomes were possessed large non-coding regions, which were present many regulatory components such as transposable elements, promoters, MARs, insulators and non-coding DNA [35] [36] [37] [38] [39] [40] . The ratio of the non-coding region in genomes was larger in eukaryotic organisms than prokaryotic organisms [41] .
As results in this report, in eukaryotes, the base bias and multiple fractality seemed to be observed more clearly (Fig. 3, Table 6 ). The multiple fractality, especially the linearly decreased-region, might be correlated with the evolution or the complexity of organisms. The detailed analysis of the relationship between the genome evolution and the region are under the progress.
Conclusions
The base sequence in the genome structure might generate with the reverse-complementary symmetry influencing the effect in a wide perspective caused by the entire genome sequence rather than the local effect by the neighboring base sequence. In addition to the reverse-complement symmetry of the base sequences, the properties of the bias and the multiple fractality of the base sequence in a single-strand DNA of genome are necessary to generate real genome, or chromosome. The effect of the evolution in a wide perspective of the genome sequence is now being investigated.
In conclusion, the reverse-complement symmetry of the base sequences might be established in triplet or more base sequences, and to generate the genome. In other words, to generate the real (active) chromosomes, the bias and the multiple fractality of four bases distribution are essentially necessary in addition to the reverse-complement symmetry in a single-strand DNA structure of genome. The multiple fractality of the base-sequences of the entire genome, especially the linear-decreased region of bases for the power spectra (L = 16 or more, Fig 3a, c) , may be affected to the molecular evolution of genomes, or chromosomes and the complexity of organisms.
